Facial width-to-height ratio (fWHR) is associated with social dominance in human and non-human primates, which may reflect the effects of testosterone on facial morphology and behaviour. Given that testosterone facilitates status-seeking motivation, the association between fWHR and behaviour should be contingent on the relative costs and benefits of particular dominance strategies across species and socioecological contexts. We tested this hypothesis in bonobos (Pan paniscus), who exhibit female dominance and rely on both affiliation and aggression to achieve status. We measured fWHR from facial photographs, affiliative dominance with Assertiveness personality scores and agonistic dominance with behavioural data. Consistent with our hypothesis, agonistic and affiliative dominance predicted fWHR in both sexes independent of age and body weight, supporting the role of status-seeking motivation in producing the link between fWHR and socioecologically relevant dominance behaviour across primates.
Introduction
Androgens play a key role in sexual differentiation and the promotion of competitive social behaviour across vertebrates [1] . While short-term changes in testosterone can activate the expression of dominance behaviour, androgen exposure during key developmental windows can also induce long-term organizational effects on the adult phenotype [2] . These organizational androgen effects (OAE) can cause consistent individual differences in behaviour (i.e. personality; e.g. [3] ) and other androgen-sensitive phenotypes such as facial morphology [4] and digit ratios [5] . Much effort has been put into validating potential biomarkers of OAE, which may proxy prenatal and/or pubertal androgen exposure [6] and act as sexually selected signals in intra-sexual competition and mate choice [7] . The facial width-to-height ratio (fWHR), which compares the bizygomatic breadth to the distance between the brow ridge and upper lip (figure 1), has been proposed as one such OAE biomarker [8] . fWHR predicts social dominance behaviour across multiple contexts ( [9] [10] [11] ; but see [12] ) and species (Macaca spp. [13] ; Sapajus spp. [14, 15] ), exhibits a small degree of male-biased sexual dimorphism [9, 16] and associates with other proposed OAE biomarkers such as the second-to-fourth digit ratio (2D : 4D; [17] ).
While it has long been recognized that testosterone facilitates agonistic behaviour, recent work has shown that testosterone enhances status-seeking motivation and thus social dominance behaviour more generally [1, 18] . Contingent upon the social context, dominance behaviour can manifest in diverse ways ranging from intimidation and aggression to gregariousness and prosocial leadership [19] . The association between fWHR and behaviour is therefore expected to reflect the relative costs and benefits of particular dominance strategies in the species and socioecology under investigation. Consistent with this hypothesis, higher fWHR has been found to predict aggression in relatively low-status men [20] , but also prosocial leadership in high-status men [10] . Moreover, as expected given the higher costs of physical aggression for human females, fWHR in females is associated with self-reported dominance and verbal aggression but not with physical aggression [9, 21] .
Bonobos (Pan paniscus) provide a valuable system for further examining the relationship between fWHR and dominance behaviour in a novel socioecological context. As is typical for humans and mammals more generally, male bonobos experience greater exposure to testosterone during sexual maturation [22] . fWHR should therefore be larger in male bonobos if this trait is an OAE biomarker. In contrast with most human societies, however, female bonobos often exhibit social dominance over males [23, 24] . Moreover, while both males and females use agonistic behaviour during competitive encounters, they also rely heavily on affiliation and coalitionary support to achieve social status [23, 25, 26] .
Previous work in captive bonobos has demonstrated that individuals rated as being more dominant, confident and calm-thus exhibiting a higher degree of the personality dimension Assertiveness [27] -tend to receive more allogrooming, have a higher number of conspecifics in close proximity, get approached more often and receive less aggression [28] . In contrast with the personality dimension Assertiveness in brown capuchins (Sapajus spp.), however, which has previously been found to predict fWHR [14, 15] , Assertiveness in bonobos reflects affiliative dominance rather than aggressiveness or agonistic dominance. Consistent with the importance of coalitionary support for female dominance in bonobos [29] , female bonobos also score higher in this dimension than males [28] . Bonobo Assertiveness therefore more closely aligns with the social assertiveness aspect of Extraversion in humans, which reflects a motivation towards achieving prestigious and affiliative forms of social dominance such as leadership [30] . If testosterone exposure influences facial morphology and status-seeking motivation in bonobos, fWHR should therefore be positively associated with both agonistic and affiliative dominance behaviour across males and females. In the present study, we integrate behavioural, morphometric and psychometric data to test this hypothesis.
Material and methods (a) Subjects and measures
All data were collected from 2011 to 2014 on 38 sexually mature bonobos (15 males, 23 females; age range: 10-62 years, mean = 23.87 years, s.d. = 11.91 years) housed in five European zoos as part of a larger project on personality in bonobos [27, 28] .
(i) Facial width-to-height ratio N.S. collected facial photographs taken ad libitum while the bonobos were on exhibit. She attempted to capture front-facing portraits for each individual while they were exhibiting a neutral expression with their mouth closed, and we discarded photos in which individuals covered their face and/or exhibited nonneutral facial expressions. This resulted in a total of 117 photographs, with an average of three acceptable images per individual. J.S.M. measured fWHR from these photos as the bizygomatic breadth divided by the distance between the brow ridge and upper lip (figure 1), which was subsequently standardized by the inter-pupil distance to adjust for heterogeneous scaling across photographs [31] . All measurements were made using Adobe Photoshop CC. A trained research assistant blind to our hypotheses independently measured fWHR in a randomly selected sample of 25% of our photographs, demonstrating appropriate single measurement reliability for fWHR as assessed by the intra-class correlation coefficient, ICC(3, 1) = 0.78.
(ii) Affiliative dominance
We assessed affiliative dominance using Assertiveness scores derived from the Hominoid Personality Questionnaire [27] , which was administered to multiple human raters with extensive experience observing the bonobos. Individuals scoring high on Assertiveness were rated as being higher on traits such as independent, dominant, decisive and persistent, as well as lower on traits like submissive, anxious, vulnerable and fearful. The ratings of bonobo Assertiveness used in the present study exhibited appropriate inter-rater reliability and repeatability and were found to predict relevant behavioural measures of affiliative dominance [28] .
(iii) Agonistic dominance
We used normalized David's scores (DS) [24] as a measure of individual differences in agonistic dominance [28] . Individuals with higher DS elicited a higher proportion of fleeing behaviour from their competitors during agonistic encounters. We mean-centred DS within each zoo to adjust for differences in the opportunity for agonistic encounters, thus facilitating comparison of relative agonistic dominance across zoos. All statistical analyses were conducted using linear regression models fit and interpreted within a Bayesian framework. Measurement error models were used to account for uncertainty in the mean fWHR measurement of each subject, and we used regularizing priors, b Normal(0,2) for fixed effects and s Half À Cauchy(0,2) for the residual standard deviation, to penalize extreme estimates and reduce our risk of inferential errors [32] . Age and sex were included as covariates in all analyses. We estimated models both excluding and including body weight to determine whether potential associations between behaviour, sex and fWHR were independent of body size, as previous research has suggested that the relationship between fWHR and behaviour may be a by-product of the association between body size and facial morphology (e.g. [33] ). Recent body weight measures were only available for a subset of our sample (N = 22). We used Bayesian imputation to estimate the unmeasured body weights for the remaining subjects, thus avoiding an appreciable loss of information as well as systematic bias in our estimates due to the incorrect assumption of data missing completely at random. In addition to our full main effects model, we also assessed whether sex interaction effects were present for affiliative or agonistic dominance. For comparison with [14] , we further estimated a model including an interaction between affiliative and agonistic dominance.
Rather than relying on null hypothesis tests, we based our inferences on the information provided by standardized regression coefficients (b), the median absolute deviation (MAD) as a robust estimate of dispersion, the 90% credible interval (CI) and the posterior probability of observing an effect in the direction of the median (i.e. p >0 or p <0 ). In addition, we report Cohen's f 2 for our fixed effects, which provides a standardized measure of local effect size for multiple regression. Values of f 2 ≥ 0.02, f 2 ≥ 0.15 and f 2 ≥ 0.35 are traditionally interpreted as small, medium and large effects, respectively [34] . Tildes are used throughout to denote posterior median estimates of these values. fWHR measures were standardized to z-scores, and all non-binary covariates were standardized to 2 × s.d. variance to facilitate comparison with the binary sex effect. See the electronic supplementary material for further details on our statistical analyses. 
Results

Discussion
We found that fWHR was associated with the expression of sociecologically relevant dominance behaviour in male and female bonobos. These findings were independent of body weight, suggesting that fWHR provides unique information about personality and dominance beyond body size (cf. [31] ). While fWHR has been linked to variation in agonistic dominance styles across macaque species [13] , the present study is the first to demonstrate that fWHR also predicts intraspecific variation in affiliative dominance in a nonhuman primate. This provides a crucial link to human research demonstrating positive associations between fWHR and prosocial behaviour in high-status contexts [10] . Indeed, the stronger association between affiliative dominance and fWHR (Cohen'sf 2 ¼ 0:54) compared to agonistic dominance (f 2 ¼ 0:13) is consistent with the greater importance of coalitionary support and affiliation in bonobo societies [23, 25, 26] , and thus, the role of testosterone for promoting socioecologically relevant status-seeking behaviour rather than aggression per se [1, 18] . The observed male-bias in fWHR also provides indirect support for the role of testosterone in producing the association between fWHR and affiliative dominance, as males experience greater increases in pubertal testosterone than females [22] . Nonetheless, this sex difference was reduced after controlling for body weight, which positively predicted fWHR, suggesting that the observed sexual dimorphism in bonobo fWHR reflects allometric scaling with body size. Testosterone also influences body size [35] , however, and may therefore be a common cause of this association. royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190232
We also observed a negative association between age and fWHR, consistent with previous research demonstrating declining fWHR in human populations across the lifespan [36] . Dominance ranks have been observed to vary within bonobo and chimpanzee societies across time in sex-specific ways, with critical factors such as personality, competitive ability, and social support exhibiting sex-and age-specific influences on social status (e.g. [37] [38] [39] ). Given the crosssectional nature of our study design, it remains unclear whether the observed age-and sex-independent associations between fWHR and social dominance are consistent across ontogeny. However, our data do not provide any clear support for interaction effects between sex, age and/or social dominance on fWHR (see electronic supplementary material for further analyses). These results tentatively suggest that the organizational effects of testosterone on status-seeking motivation may also stabilize associations between fWHR and observed dominance across the lifespan. Nevertheless, future longitudinal research with greater statistical power will be crucial for examining these developmental patterns.
Relatedly, the validity of fWHR as an OAE marker cannot be directly assessed without an accurate measure of androgen exposure during the critical organizational periods of brain and facial development. The hypothesized connection between fWHR and androgen exposure in humans remains unclear, as recent work has not found strong associations between fWHR and pubertal ( [31] ; but see [40] ) or prenatal [4] testosterone levels or exposure, respectively. Moreover, fWHR is not strongly associated with polymorphisms in the androgen receptor gene, which also does not moderate the androgen-fWHR association [41] . Nonetheless, aspects of human facial width have been found to reflect prenatal testosterone [4] and exhibit malebiased sexual dimorphism across the lifespan [42] . This suggests that more complex experimental designs will be needed to disentangle the causal bases of the facial components underlying composite measures such as fWHR [43] . Investigating the mechanisms linking fWHR and behaviour is therefore an important task for future research. Given that organizational effects are hypothesized to cause the association between fWHR and behaviour, studies of baseline testosterone levels or activational effects in adults may not clarify this issue (cf. [44] ).
In summary, our study demonstrates that fWHR is linked to both agonistic and affiliative forms of social dominance in a non-human species. In conjunction with previous work linking fWHR and social dominance behaviour in humans [9, 10] , macaques [13] and capuchins [14, 15] , our findings suggest that facial morphology may provide reliable cues of status-seeking motivation and testosterone exposure prior to sexual maturity. Identifying whether non-human primates use this information for social decision-making is thus a clear target for future research. For example, female rhesus macaques (Macaca mulatta) have been demonstrated to perceive differences in male facial masculinity [45] , suggesting that fWHR may be a signal of intra-sexual competitive ability used in partner choice. Given that female bonobos often exhibit social dominance over males [23, 24] , it would be valuable to examine whether male bonobos can also perceive dominance information encoded in female faces. In addition, understanding the sociocognitive effects of facial morphology in the context of varying facial hair and coloration also remains important for determining the ecological relevance of such discriminations [46] . Irrespective of their communicative function, however, consistent associations have now been identified between fWHR, dominance rank and statusseeking motivation in humans, bonobos and capuchins. The organizational effects of testosterone may therefore be an important and phylogenetically conserved mechanism of personality across haplorhine primates. 
